Condensin Is Required for Nonhistone Protein Assembly and Structural Integrity of Vertebrate Mitotic Chromosomes  by Hudson, Damien F. et al.
Developmental Cell, Vol. 5, 323–336, August, 2003, Copyright 2003 by Cell Press
Condensin Is Required for Nonhistone
Protein Assembly and Structural Integrity
of Vertebrate Mitotic Chromosomes
Mirkovitch et al., 1984). Obtained this way, the scaffold
is a biochemical fraction, whose existence does not
imply a function one way or the other for the nonhistone
proteins it contains. However, scaffolds retain the char-
acteristic mitotic chromosome shape, and it was there-
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Swann Building, King’s Buildings fore proposed that they may serve as a structural frame-
work within intact chromosomes (Laemmli et al., 1978).Mayfield Road
Edinburgh EH9 3JR This model has been highly contentious, and the scaf-
fold controversy continues unabated. Critics typicallyUnited Kingdom
argue that the proteins of the scaffold fraction do not
normally associate to form a network within the chromo-
some and that the chromosome-shaped object seen inSummary
electron micrographs of chromosome scaffolds (Paul-
son and Laemmli, 1977; Earnshaw and Laemmli, 1983)The dramatic condensation of chromosomes that oc-
curs during mitosis is widely thought to be largely is simply a precipitate that forms during the extraction
procedure. Thus, a key tenet of the critics is that scaffoldcontrolled by a protein complex termed condensin.
Here, we describe a conditional knockout of the con- components are insoluble proteins that stick together
nonspecifically when the chromatin is removed.densin subunit ScII/SMC2 in chicken DT40 cells. In
cells lacking this condensin subunit, chromosome A variety of evidence supports the hypothesis that
nonhistone proteins might have a role in mitotic chromo-condensation is delayed, but ultimately reaches near-
normal levels. However, these chromosomes are some structure, regardless of the significance of the
chromosome scaffold. DNA topoisomerase II (topo II),structurally compromised. Kinetochores appear nor-
mal, but the localization of nonhistone proteins such an abundant and reproducible component of mitotic
chromosomes (Earnshaw et al., 1985; Gasser et al.,as topoisomerase II and INCENP is aberrant. Both pro-
teins also fail to partition into the chromosome scaf- 1986), was found in a large number of discrete foci that
were well separated from one another in hypotonicallyfold fraction, which appears to be largely missing in
the absence of condensin. Furthermore, the chromo- swollen chromosomes (Earnshaw and Heck, 1985). This
is consistent with results of a recent analysis, whichsomes lack structural integrity, as defined by an assay
that tests the stability of the chromosomal higher- ruled out the existence of a continuous proteinaceous
framework in chromosomes but suggested that proteinorder structure. Thus, a major function of condensin
is to promote the correct association of nonhistone linkers do constrain the chromatin fiber every 15 kb or
so (Poirier and Marko, 2002). In contrast, chromosomesproteins with mitotic chromosomes, and this is es-
sential for establishment of a robust chromosome may contain the huge muscle protein titin (Machado et
al., 1998), which has been proposed to constitute anstructure.
elastic structural framework within them (Houchmand-
zadeh and Dimitrov, 1999)Introduction
Condensin is a pentameric complex of nonhistone
proteins composed of the SMC2 and SMC4 ATPasesThe mechanism by which genomic DNA is compacted
nearly 10,000-fold to form the characteristic metaphase plus three auxiliary subunits (CapG, CapD2, and CapH/
Barren) (Strunnikov, 1998; Cobbe and Heck, 2000; Hir-chromosome structure remains poorly understood
(Earnshaw, 1991; Belmont, 2002). One possibility is that ano, 2002; Jessberger, 2002). Various studies in vitro
and in vivo point to condensin being a key component inthe structure is formed by hierarchical levels of packag-
ing directed entirely by chromatin fiber-fiber interactions mitotic chromosome condensation. If demembranated
(DuPraw, 1966; Belmont et al., 1987). Alternatively, chro- sperm nuclei are added to Xenopus mitotic egg extracts,
mosome structure could be directed by specific nonhis- they condense into mitotic chromosomes (Newport and
tone proteins that act locally by linking chromatin fibers Spann, 1987), but not if the extracts are first depleted
together at strategic points. A third possibility is that of condensin (Hirano and Mitchison, 1994; Hirano et al.,
the nonhistone proteins could assemble globally into a 1997). Furthermore, addition of anti-condensin anti-
structural framework, or scaffold, upon which the chro- bodies to the extract causes the chromosomes to de-
matin is arranged to give the chromosome its shape. condense, suggesting that condensin is required for
Laemmli and coworkers were the first to digest isolated maintenance of chromosome condensation (Hirano and
highly purified mitotic chromosomes with nuclease, ex- Mitchison, 1994; Hirano et al., 1997).
tract the bulk of chromosomal proteins, and obtain an In budding yeast, condensin is essential for chromatin
insoluble residue, which they termed the chromosome condensation (Strunnikov et al., 1995) and for the higher-
scaffold (Adolph et al., 1977; Lewis and Laemmli, 1982; order packing of the repetitive rDNA locus (Freeman et
al., 2000; Lavoie et al., 2002). In Drosophila, the SMC4
mutant gluon forms axially condensed chromosomes*Correspondence: bill.earnshaw@ed.ac.uk
1These authors contributed equally to this work. that are defective in sister chromatid resolution because
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they are defective in lateral condensation of the chroma- Results
tids (Steffensen et al., 2001). In C. elegans, condensin
Generation of DT40 Cells Conditionallysubunits accumulate on chromosomes from prometa-
Deficient for ScIIphase through anaphase but are required for condensa-
The chicken ScII locus resides on the Z chromosometion of the chromosomes earlier in mitosis (Hagstrom et
(McQueen et al., 2001), which is present in a single copyal., 2002; Kaitna et al., 2002). By metaphase, chromo-
in DT40 cells. Therefore, the first step in isolation of thesome structure looks relatively normal in condensin-
conditional knockout was the introduction of an intactdepleted C. elegans embryos (Hagstrom et al., 2002;
ScII cDNA (Saitoh et al., 1994) under control of a tetracy-Kaitna et al., 2002). Condensin components also func-
cline-repressible promoter (Gossen and Bujard, 1992).tion in dosage compensation in C. elegans (Chuang et
We have shown elsewhere that this system can be usedal., 1994). Overall, the conclusion from these studies is
to generate an essentially null phenotype for targetedthat condensin is required for some, but probably not
genes in DT40 cells (Ruchaud et al., 2002).all, aspects of chromatin condensation in mitosis and,
Two independent lines of DT40 cells expressing thepossibly, in heterochromatin.
tetracycline-regulated ScII transgene were transfectedHow does condensin promote chromosome conden-
with the gene disruption vector. For the two clones, 64sation? Condensin is an ATPase that binds to DNA.
and 60 resistant colonies were isolated, of which 1 andThat it might work by altering the DNA topology was
4, respectively, had undergone homologous recombina-
suggested by the detection of genetic interactions be-
tion, resulting in deletion of the first six exons of the
tween one condensin subunit and topoisomerases I and
ScII gene and loss of the first 207 amino acids of the
II in fission yeast (Saka et al., 1994). Condensin could protein (Figure 1A). Correct genomic targeting was con-
alter DNA topology by acting as a motor that somehow firmed by Southern blot analysis with a 3 external probe
pulls DNA segments together (Peterson, 1994), by pro- (Figure 1B). Following the addition of doxycycline, ScII
moting DNA strand pairing (Sutani and Yanagida, 1997) protein levels (expressed from the transgene) decreased
or by positively supercoiling the chromosomal DNA (Ki- by at least one order of magnitude after 24 hr and be-
mura and Hirano, 1997), either through the introduction came undetectable by 48 hr (Figure 1C). The loss of
of global changes in writhe (Kimura et al., 1999) or by ScII was confirmed by indirect immunofluorescence. No
wrapping DNA around itself (Bazett-Jones et al., 2002). detectable ScII could be seen on the chromosomes of
The broadly accepted conclusion from this published ScII-deficient cells treated for 30 hr with doxycycline
work is that condensin is an enzyme that works on DNA (Figures 1D and 1E). There was no discernible difference
or chromatin directly to promote mitotic chromosome in chromosome morphology at 12 and 24 hr after the
condensation. addition of doxycycline (Figure 1F), and mitotic chromo-
The present study reveals an unexpected aspect of somes were still able to condense into rod-like struc-
condensin function. We show that condensin is not re- tures even after 48 hr of ScII depletion. However the
quired for mitotic chromosomes to assume their charac- majority of mitotic cells appeared to be polyploid after
36 and 48 hr.teristic condensed morphology. Condensin is essential
Throughout this manuscript, we use the nomenclaturefor the proper chromosomal association of a number of
ScIION to refer to cells with the genotype ScIItetScII,the nonhistone proteins that are found in the chromo-
grown in the absence of doxycycline. The nomenclaturesome scaffold fraction when isolated chromosomes are
ScIIOFF, or ScII deficient, refers to ScIItetScII cells incu-processed as described by Laemmli (Laemmli et al.,
bated in the presence of doxycycline.1978). This is a compelling demonstration that specific
protein-protein interactions are required for formation
ScII Is Required for Efficient Sister Chromatidof the chromosome scaffold, whatever its physiological
Separation in DT40 Cellsrole might be.
ScIION cells had a doubling time of 16.2 hr compared toThe controversy over whether nonhistone proteins
12.6 hr for DT40 wild-type (Figure 2A). ScIIOFF cells beganhave an important role in mitotic chromosome organiza-
to die 24 hr after the addition of doxycycline. At thistion has been impossible to settle unambiguously, in
time giant cells started to accumulate in the populationpart because of the lack of an assay to measure the
(Figure 2B). FACS analysis of ScIIOFF cells showed an in-
architectural integrity of mitotic chromosomes. Chromo-
crease in the population of cells with a DNA complement
some appearance is too readily influenced by minor
2N and revealed no obvious block in S phase (see Sup-
variations in specimen preparation conditions for simple plemental Figure S1B at http://www.developmentalcell.
observation to be a reliable guide. This deficit has been com/cgi/content/full/5/2/323/DC1). Thus, loss of con-
addressed in the present study through development densin appeared to activate no checkpoints during S or
of a morphological assay that examines the structural M phase, as suggested by a recent study in S. pombe
integrity of mitotic chromosomes. This assay shows that (Aono et al., 2002).
condensed mitotic chromosomes produced in the ab- ScIIOFF cells appeared to progress through mitosis with
sence of ScII/SMC2 are structurally defective even essentially normal timing, as manifested by only a slight
though their overall appearance is nearly normal. Our increase in mitotic index and no significant accumula-
study reveals condensin to be an essential organizer of tion of prometaphase or metaphase cells (Figures 2C
chromosome architecture that is required for the proper and 2D). However, while cells appeared to reach meta-
association of nonhistone proteins with mitotic chromo- phase normally (Supplemental Figure S1A), chromo-
some segregation subsequently failed, as indicated bysomes.
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Figure 1. Strategy for Generation of ScII DT40 Clones
(A) Schematic representation of the ScII chicken protein, genomic DT40 locus, and targeting construct. Red boxes on the genomic map
indicate the positions of exons.
(B) Southern blot of wt and ScII null clones. Asp718-digested genomic DNA was hybridized with the 3 external probe shown in (A).
(C) Immunoblotting analysis of ScII repression. Protein extract (10 g) from parental DT40 (WT) and ScIION and ScIIOFF cells (doxycycline, 0–48
hr) was subjected to SDS-PAGE and immunoblotting with polyclonal anti-ScII antibody (ScII-M). Anti-tubulin was used as a loading control.
(D and E) Chromosome spreads of control ScIION cells (D) and ScIIOFF cells (doxycycline, 29 hr) (E) stained for ScII (red) and DNA (blue). ScII
was not detectable on the ScII-deficient chromosomes, even when the gain was boosted on the red channel (inset). Scale bar, 10 m.
(F) Mitotic chromosome morphology in ScIION and ScIIOFF mitotic cells fixed without prior colcemid block or hypotonic treatment at 0, 12, 24,
36, and 48 hr after the addition of doxycycline.
Developmental Cell
326
Figure 2. ScII Is Essential for Proper Cell Cycle Progression in DT40 Cells
(A) Growth curves of DT40 parental and ScIION cells in the presence and absence of doxycycline.
(B) The morphology of the ScIION and ScIIOFF cells at 0–96 hr after doxycycline treatment. The same scale is used at all time points.
(C) Distribution of mitotic phases in ScIIOFF cells after doxycycline treatment. Time points were taken at 0, 18, 24, 30, and 36 hr. Mitotic cells
stained for DNA and microtubules were scored in triplicate (at least 100 mitotic cells per time point).
(D) Mitotic index of ScIIOFF cells treated with doxycycline.
(E and F) ScIION and ScIIOFF cells (doxycycline, 30 hr) in anaphase were stained for CENP-C (red), tubulin (green) and DNA (blue).
(G) Quantitation of anaphases and telophases with lagging chromosomes or cytokinesis bridges in ScIIOFF cells treated with doxycycline.
the number of postanaphase cells exhibiting chromatin condensin mutants (Saka et al., 1994; Steffensen et al.,
2001; Hagstrom et al., 2002; Kaitna et al., 2002).bridges (Figures 2F and 2G). This disruption of chromo-
some segregation was apparently not due to defective Time-lapse photography revealed that ScIIOFF cells at-
tempted cytokinesis, forming a pronounced cleavagekinetochore function (see below). This phenotype re-
sembled those described for C. elegans, yeast, and fly furrow, which subsequently regressed (Supplemental
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Figure 3. ScII Is Required for Prophase Condensation
ScIION (A) or ScIIOFF cells (doxycycline, 30 hr [B–D]) were stained for phospho-H3 (red), Lamin B1 (green), and DNA (blue).
(A) Prophase cell with normal chromosome condensation.
(B) Late G2/prophase cell with no chromosome condensation.
(C and D) Prometaphase cells undergoing chromosome condensation. Arrowheads point to regions of intact lamina; arrows indicate regions
of disassembled lamina.
(A–D) Merged images.
(A–D) Images stained for lamin B1.
(A″–D″) DNA staining showing a single deconvolved section.
(A–D) Phospho-H3 staining.
Figure S2), probably because the completion of cytoki- defined as being in prophase by the presence of phos-
pho-H3 plus an intact nuclear lamina (n  31 in threenesis was blocked by the massive amounts of lagging
chromatin. As a result, the frequency of binucleate/giant experiments).
Chromosomes in ScIIOFF cells did condense duringcells with multipolar spindles increased substantially
with time (Figure 2C). Thus, while the DNA bridge is prometaphase (Figures 3C and 3D) and metaphase, but
remained larger than normal. To examine this, we pre-“cut” in yeast condensin mutants (Saka et al., 1994), in
vertebrate cells, the cleavage furrow regresses instead. pared chromosome spreads from ScIIOFF cells after a 2 hr
colcemid block. Cells were centrifuged onto coverslips
either with (Figures 4A and 4B) or without (Figures 4DScII Is Required for Timely Chromosome
Condensation during Prophase and 4E) prior exposure to hypotonic medium. The ScII-
depleted chromosomes appeared larger than the con-The phosphorylation of histone H3 on Serine10 (phospho-
H3) in prophase is normally accompanied by visible trols and, after hypotonic swelling, exhibited a di-
sheveled appearance (Figure 4B). With either protocol,chromosome condensation in control ScIION chicken
cells (90%  4%, n  73 in three experiments; Figure measurement of the chromosome width showed an
30% increase in ScII-depleted chromosomes com-3A). Remarkably, the great majority of prophase ScIIOFF
cells lacked chromosome condensation—the chromatin pared to controls (Figures 4C and 4F).
Chromosome condensation normally continues untilappeared indistinguishable from that in interphase cells
(compare Figures 3B and 3D). Condensed chromo- the onset of anaphase, and, if cells are delayed in mito-
sis, this results in chromosome hypercondensationsomes were observed in only 26%  8% of ScIIOFF cells
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Figure 4. ScII Is Required for Lateral Chromosome Condensation
(A–F) ScII-depleted chromosomes are wider than control chromosomes. DAPI staining of chromosome spreads from ScIION (A and D) and
ScIIOFF (B and E) cells either with (A–C) or without (D–F) hypotonic treatment prior to spreading.
(C and F) Projected data sets were analyzed to measure the chromosome width (y axis) and length (x axis). In each case, the mean  standard
deviation is shown at the left.
(G and H) ScII is not required for chromatin hypercondensation when cells are arrested with colcemid. ScIION (G) and ScIIOFF cells (doxycycline,
30 hr [H]) were treated with colcemid for 0, 1, 2, 3, 4, and 6 hr, and chromosome spreads were prepared. Scale bars, 10 m.
(Figure 4G). This hypercondensation does not require incubation in colcemid, ultimately reaching a level of
condensation similar to that seen in the presence ofcondensin function (Figure 4H). The disorganized chro-
mosomes observed in ScIIOFF cells became progres- ScII/SMC2. The mitotic index for ScIION cells increased
from 5.2% to 20.2% and, for ScIIOFF cells, went fromsively more condensed during the course of a 6 hr
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7.9% to 28.1% during the incubation in drug, confirming fixed directly without a prior colcemid arrest or hypo-
tonic swelling, centromeric topo II was particularlythat condensin is not required for function of the meta-
phase spindle assembly checkpoint. prominent (Figure 5A, arrowhead) (Rattner et al., 1996).
In colcemid-blocked mitotic cells that were hypotoni-These experiments reveal that, while timely chromo-
some condensation during prophase depends on an cally swollen, but not extracted, prior to fixation, the axial
distribution of topo II was enhanced, and the staining ofintact condensin complex in vertebrate cells, an alterna-
tive mechanism eventually condenses the chromo- centromeres was much reduced (Figure 5C).
Both patterns of topo II distribution were radicallysomes by metaphase.
altered in chromosomes of ScII-deficient cells, where
topo II was distributed diffusely throughout the mitotic
chromatin, independent of the preparation method usedKinetochores and Mitotic Spindles Appear
Normal in ScIIOFF Cells (Figures 5B and 5D). This was particularly striking for
cells treated under the mildest conditions (no mitoticTo examine kinetochore structure and function in ScII-
deficient cells, we immunostained mitotic cells for block and no hypotonic swelling; Figure 5B). Thus, ScII/
SMC2 is required for the proper localization of topo II atCENP-C, a marker for the inner kinetochore (Saitoh et
al., 1992) and the checkpoint kinase BubRI, a marker centromeres and along the axial regions of chromosome
arms.for the outer kinetochore in chromosomes that have not
yet achieved a bipolar orientation (Jablonski et al., 1998). The chromosomal passenger INCENP was also mislo-
calized in metaphase chromosomes from ScII-deficientStaining for both proteins was normal in ScIION and ScIIOFF
cells (Figures 2E and 2F; Supplemental Figure S3). Thus, cells. Instead of being concentrated in the inner centro-
mere (Figure 5E), it was diffusely distributed throughoutthe kinetochores of ScII-deficient chromosomes can re-
cruit signaling proteins and activate the metaphase the chromatin along the chromosome arms (Figure 5F).
Surprisingly, INCENP localized normally to the spindlecheckpoint, consistent with our earlier observation that
ScIIOFF cells arrest normally in the presence of colcemid midzone and equatorial cortex after anaphase onset and
the midbody during cytokinesis in ScIIOFF cells (Figures(Figures 4G and 4H). After anaphase onset, kinetochores
segregated normally to the spindle poles, and no centro- 5G and 5H). Previous studies had shown that INCENP
must first localize to the centromere before it can trans-meres appeared to be left behind in the region of lagging
chromatin (Figure 2F). fer to the spindle midzone (Mackay et al., 1998).
Interestingly, the 30% condensation deficit seen in
the chromosome arms was not observed in the centro- Chromosomes from ScIIOFF Cells Lack
meric heterochromatin of ScII-deficient chromosomes. a Stable Chromosome Scaffold
When measured on metaphase chromosome spreads, One strength of the DT40 knockout system is that bio-
the distance between CENP-C spots on sister kineto- chemical amounts of subcellular fractions can be iso-
chores was 0.5  0.1 m (n  18) on ScII-containing lated from uniform populations of mutant cells. We
chromosomes and 0.52  0.11 m (n  48) on ScII- therefore turned to a biochemical approach to determine
deficient chromosomes. This normal conformation of whether the solubility properties of topo II and INCENP
the centromere contrasts with the situation in C. ele- were altered in chromosomes from ScIIOFF cells. Highly
gans, where the depletion of MIX-1/SMC2 and SMC4 purified chromosomes from ScIION and ScIIOFF cells (Lewis
by RNAi causes a disorganization of the kinetochore, as and Laemmli, 1982) were analyzed by immunoblotting
detected by the staining of CENP-A/HCP-3 (Hagstrom et with antibodies against topo II, INCENP, ScII, and the
al., 2002). bulk scaffold fraction (Figure 6B). Total protein was also
To further analyze the interactions between kineto- visualized by Coomassie blue staining (Figure 6A). Im-
chores and microtubules, we examined the reassembly portantly, no residual ScII was detected on chromo-
of the mitotic spindle 1 hr after the removal of nocoda- somes isolated from ScIIOFF cells, indicating that the ob-
zole from cultures. Under these conditions, ScIIOFF cells served chromosome condensation was unlikely to be
reassembled normal bipolar spindles, and chromo- due to residual amounts of ScII that were undetectable
somes were able to congress to a metaphase plate (Sup- by immunofluorescence.
plemental Figure S3). Thus, in living vertebrate cells, Topo II levels in chromosomes isolated from ScIIOFF
condensin is not essential for chromosome attachment cells were only slightly reduced relative to those in con-
or assembly of a bipolar spindle. trol chromosomes (Figure 6B). However, when we at-
tempted to isolate the mitotic scaffold fraction from ScII-
depleted chromosomes, topo II was virtually absent.
Chromosomes from ScIIOFF Cells Have Delocalized Normally, up to 70% of chromosomal topo II is found
Topoisomerase II and INCENP in isolated scaffolds (Figure 6B; Earnshaw et al., 1985).
Topo II, one of the most abundant nonhistone proteins Loss of ScII/SMC2 had an even more dramatic effect
in isolated mitotic chromosomes, is highly mobile in on the distribution of INCENP. Only very low levels of
cells but becomes a major component of the insoluble the protein were detected in chromosomes from ScIIOFF
chromosome scaffold fraction upon cell lysis (Earnshaw cells (Figure 6B). When chromosomes were processed
et al., 1985; Gasser et al., 1986; Christensen et al., 2002; to isolate the scaffold fraction, INCENP was rendered
Tavormina et al., 2002). Topo II has been reported to be soluble (Figure 6B). Normally, essentially all of the chro-
enriched both at centromeres and along axial regions mosomal INCENP is recovered in the scaffold fraction
of the chromosome arms at metaphase in living cells (Figure 6B, “” doxycycline lanes) (Cooke et al., 1987).
Scaffolds from ScIIOFF cells were also depleted of at(Christensen et al., 2002; Tavormina et al., 2002). In cells
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Figure 5. Topoisomerase II Associates with Chromosomes in ScIIOFF Cells, but the Mitotic Scaffold Is Unable to Form
(A–D) Distribution of topo II is abnormal in chromosomes from ScII-deficient cells. ScIION (A and C) and ScIIOFF (B and D) cells were either fixed
without prior exposure to colcemid or hypotonic swelling (A and B) or colcemid blocked for 1 hr and hypotonically swollen (C and D) prior to
staining for topoisomerase II (green) and DNA (blue) ([A–D] merged images; [A–D] anti-topo II). Arrows show centromere labeling (or lack
thereof) by topo II.
(E–G) ScII is required for localization of INCENP to metaphase centromeres, but not for its transfer to the spindle midzone. Localization of
INCENP (green) and CENP-C (red) on chromosome spreads from ScIION (E) and ScIIOFF cells (F).
(G and H) INCENP localization in cells in late anaphase (G) and cytokinesis (H). INCENP, red; microtubules, green; DNA, blue.
(G and H) DNA shown in black and white. Bars, 10 m.
least 13 major antigens recognized by a polyclonal anti- RaO antigens indicated by filled circles to the right of
body to bulk chromosome scaffolds (Figure 6B, RaO). Figure 6B are nucleolar contaminants (W.C.E., unpub-
The total recovery of Coomassie-stained proteins in the lished data).
scaffold fraction from ScII/SMC2-depleted chromo- These results reveal that ScII/SMC2 is required for
somes was also significantly reduced (Figure 6A). The interactions between nonhistone proteins that enable
data shown in Figure 6 are representative of the results isolation of the mitotic chromosome scaffold fraction.
of at least three independent experiments.
When ScII-depleted chromosomes were extracted, a
ScII-Depleted Chromosomes Lacknumber of insoluble proteins still remained (Figures 6A
Structural Integrityand 6B). We believe that many of these were not true
One of the greatest impediments to determining the rolechromosomal components but were instead remnants
of nonhistone proteins in mitotic chromosome structureof nuclei and nucleoli that contaminate the chromosome
has been the lack of an assay to monitor the structuralpreparations. Indeed, expression library cloning experi-
ments suggested that the two high-molecular weight integrity of chromosomes. Here, we have developed
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Figure 6. Chromosomes from ScIIOFF Cells Lack a Normal Chromosome Scaffold
(A) Isolated chromosomes from ScIION and ScIIOFF cells (“” doxycycline lanes) were subjected to SDS-PAGE (12.5%) and stained with
Coomassie blue. Substantially lower levels of total protein were recovered in the scaffold fraction prepared from ScII-depleted chromosomes.
The bracket shows the region of the gel containing topo II, INCENP, and ScII.
(B) Top; topo II is present in chromosomes from ScIION and ScIIOFF cells but is significantly depleted from the scaffold fraction prepared from
ScII-depleted chromosomes. Middle; INCENP is reduced in chromosomes from ScIIOFF cells and absent from the scaffold fraction prepared
from ScIIOFF chromosomes. Bottom; many scaffold proteins (detected by polyclonal serum to bulk chromosome scaffolds) are absent from
the scaffold fraction from ScIIOFF chromosomes. Dotted lines, missing bands; circles, likely nucleolar contaminants; square, a probable keratin
contaminant.
such an assay based on a little known series of experi- Remarkably, when Mg2 was restored to these swol-
len chromosomes by replacing the TEEN buffer withments described by Cole (1967). He found that chromo-
somes have a structural “memory,” such that they can hypotonic RSB buffer (10 mM Tris [pH 7.4], 10 mM NaCl,
and 5 mM MgCl2), the chromatin higher-order structurebe swollen essentially beyond recognition and then re-
stored to their original morphology by manipulating the reformed, and the disorganized chromosomes under-
went the remarkable recovery shown in Figure 7C. Asionic composition of the medium. As we will demon-
strate below, this memory depends on ScII and, there- reported previously (Cole, 1967), wild-type chromo-
somes could survive multiple rounds of swelling andfore, this experiment can provide an assay for the role of
various proteins in this aspect of chromosome structure. shrinking. For example, chromosomes subjected to a
second cycle of disruption and restoration were still ableThe assay is diagrammed in Figure 7J. The starting
material was a series of coverslips bearing cells blocked to return to a near normal morphology, as shown in
Figure 7D. Importantly, these are not highly selectedin mitosis with colcemid. The cells were then treated as
described below. At each step of the procedure, a sub- images. All mitotic cells on each coverslip looked essen-
tially equivalent.set of coverslips was fixed with formaldehyde, and DAPI
was added to permit visualization of the DNA. The start- Chromosomes depleted of ScII behaved very differ-
ently in this experiment. The starting chromosomesing chromosomes had the classical appearance shown
in Figure 7A. They were then subjected to the first struc- looked comparable to wild-type (compare Figure 7A to
7E), and, when placed in TEEN buffer, this structure wastural perturbation by placing them in hypotonic TEEN
buffer (1 mM triethanolamine-HCl [pH 8.5], 0.2 mM also completely lost (Figure 7F). However, when these
disrupted ScII-deficient chromosomes were returned toNaEDTA, and 25 mM NaCl). The histone octamer does
not carry sufficient positive charge to completely neu- RSB buffer, they were unable to recover their character-
istic morphology. In about half of the mitotic cells, thetralize the negative charges on the DNA: this requires
cations, such as Mg2, which are removed by the TEEN chromosomes looked vaguely recognizable but had
many regions of decondensed or disorganized chroma-buffer. As a result, the chromatin higher-order structure
unraveled down to the level of the 10 nm fiber (Labhart tin (Figure 7G, upper cell; quantitated in Figure 7I). The
remaining mitotic cells had regions of condensed chro-and Koller, 1981; Earnshaw and Laemmli, 1983). This
completely disrupted the chromosome morphology matin with no semblance of normal morphology (Figure
7G, lower cell). After a second round of swelling and(Figure 7B).
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Figure 7. ScII Is Required for Structural Integrity of Mitotic Chromosomes
ScII-containing (A–D) and ScII-deficient chromosomes (E–H) were subjected to the protocol depicted in (J), which involved subjecting permeabil-
ized mitotic cells to successive cycles with chromatin-unfolding and chromatin-compacting buffers. Mitotic cells were fixed and stained
according to the procedure described in Experimental Procedures.
(K and L) Model for the organization of anchoring complexes and the role of ScII/SMC2 in chromosome organization.
shrinking, the disorganized morphology now predomi- Discussion
nated (Figure 7H).
This experiment shows that mitotic chromosomes Without Condensin the Association of Several
Nonhistone Proteins with Chromosomes Is Abnormalhave an intrinsic structural stability, such that, when
they are swollen beyond recognition by exposure to low- When isolated mitotic chromosomes are treated suc-
cessively with nucleases and reagents that disrupt pro-salt EDTA buffer, they are able to recover their normal
appearance when divalent counterions are returned. tein-protein and/or protein-DNA interactions, a residue
of nonhistone proteins—termed the chromosome scaf-This intrinsic structure is disrupted or lost in chromo-
somes from cells lacking ScII/SMC2. fold—remains (Laemmli et al., 1978). The functional sig-
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nificance of the scaffold is controversial. Its importance possible that the condensin complex itself directly con-
tributes to chromatin links that define the morphologyfor the present study is that scaffold isolation provides
an assay for the normal association of nonhistone pro- of the chromosome. However, since ScII/SMC2 is also
required for normal association of many components ofteins with mitotic chromosomes.
A frequent criticism has been that nonhistone proteins the chromosome scaffold, the structural memory within
chromosomes may be defined by chromosome scaffoldof the chromosome scaffold associate because of non-
specific precipitation during chromosome extraction. components downstream of condensin. Our results are
difficult to reconcile with models where the organizationOur data provide compelling evidence that many, if not
all, scaffold components are present in this fraction as of the chromosome is directed solely by chromatin fiber-
fiber interactions that do not involve structural non-a result of specific interactions. Removal of a single
protein, ScII/SMC2, caused topo II, INCENP, and at least histone proteins. In such models ScII-deficient chro-
mosomes would be expected to recover their normal13 other major scaffold polypeptides to become soluble
in isolated mitotic chromosomes. In addition, topo II and structure after swelling in TEEN buffer, which they
clearly did not.INCENP no longer localized correctly in ScIIOFF cells, but
instead were spread diffusely throughout the chromatin.
Thus, ScII/SMC2 and, by implication, the condensin An Updated Model for the Chromosome Scaffold
complex are required for the proper localization and We present here functional data demonstrating that a
intermolecular interactions of a broad range of nonhis- nonhistone protein plays an essential role in the struc-
tone proteins within mitotic chromosomes. tural integrity of chromosomes. The hypothesis that the
The passenger protein INCENP normally accumulates chromatin fiber in mitotic chromosomes is constrained
at centromeres before it transfers to the spindle at ana- through interactions with chromatin-linking complexes
phase (Mackay et al., 1993, 1998). However, in ScII- is consistent both with recent data (Poirier and Marko,
deficient cells, it fails to concentrate at the centromere 2002) and historical observations of topologically linked
yet localizes normally to the central spindle in anaphase. chromatin domains going back many years (Cook et al.,
One possible explanation for this behavior is that IN- 1976; Paulson and Laemmli, 1977; Igo´-Kemenes and
CENP is modified at centromeres—for example, phos- Zachau, 1978). We propose to refer to these chromatin-
phorylated by centromere-associated Aurora-B kinase linking complexes as “anchoring complexes” (Figure 7K,
(Bishop and Schumacher, 2002)—and this promotes its small colored circles), bearing in mind that they could
disassociation from other chromosome scaffold compo- be either macromolecular complexes or individual poly-
nents at the metaphase-anaphase transition. The al- peptides. Anchoring complexes are unlikely to be as-
tered interactions between nonhistone proteins induced sembled into an axial core throughout the chromatid
by loss of ScII/SMC2 might enable INCENP to bypass but could attach to the DNA as frequently as every 15
this need for centromere targeting prior to release from kb (Poirier and Marko, 2002). This view, diagrammed
the chromosomes. in Figure 7K, bears a remarkable resemblance to the
distribution of topo II, as detected by immunogold in
isolated chromosomes (Figures 3C and 3D in EarnshawWithout Condensin Mitotic Chromosomes Lack
Structural Integrity and Heck [1985]). We suggest that anchoring complex
links provide the structural memory that enables chro-In an important, but neglected, study, Cole showed that
mitotic chromosomes are extraordinarily resilient; they mosomes to recover their morphology after extensive
disruption of the chromatin packing, as in Figure 7. Thecan be exposed to buffer conditions that completely
disrupt chromosome architecture, but, when returned anchoring complexes could be localized at the base of
chromatin loops, as previously suggested (Earnshawto favorable conditions, the characteristic chromosomal
morphology is restored (Cole, 1967). Here, we have used and Heck, 1985), or they could crosslink the chromatin
in a more complex manner. Furthermore, componentsCole’s approach to develop an assay for the structural
integrity of chromosomes. We have confirmed that chro- of anchoring complexes could either be static or dy-
namic, as indicated by recent studies of topo II (Chris-mosomes can recover their characteristic condensed
morphology after unfolding of the chromatin down to tensen et al., 2002; Tavormina et al., 2002).
What is the role of condensin in the assembly of thisthe level of the 10 nm of fiber (Figure 7). These observa-
tions are consistent with a model in which linking ele- network of chromosome anchoring complexes? Con-
densin and many scaffold components (such as topo II)ments periodically constrain the chromatin fiber, giving
it a structural memory. Such a model was predicted by can bind to DNA and chromosomes directly (Figure 7K).
Other components, such as INCENP, appear to requirerecent observations suggesting that vertebrate chromo-
somes are apparently constrained by proteinaceous condensin for stable binding to chromosomes. One pos-
sibility is that condensin binds the DNA and then func-linkers attached to the DNA at an average spacing
of 15 kb (Poirier and Marko, 2002). The notion of a tions directly or indirectly as a landing pad for nonhis-
tone proteins such as topo II and INCENP (Figure 7L).structural memory in mitotic chromosomes is also con-
sistent with observations that chromosomes can re- Alternatively, condensin could alter the conformation
of mitotic chromatin to promote the localization andcover their morphology after extensive elastic deforma-
tion (Houchmandzadeh and Dimitrov, 1999). specific binding of these nonhistone components.
Our data confirm and explain the early observationImportantly, our data reveal that ScII/SMC2 is required
for this intrinsic structural integrity of mitotic chromo- that condensin has important roles both in the assembly
and stability of mitotic chromosomes (Hirano and Mit-somes. Even though ScII-deficient chromosomes look
relatively normal, they are unable to recover their native chison, 1994). We suggest that this function of con-
densin is likely to be mediated, not solely by actionsmorphology after extensive chromatin unfolding. It is
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on the DNA, but also by influencing the association of rather than simply a chromatin-condensing activity. Our
studies reveal that condensin is not the only, or evennonhistone proteins to form anchoring complexes.
the major, factor responsible for the characteristic con-
densed morphology of vertebrate mitotic chromo-Condensin Is Not Essential for Mitotic
somes. The identity of the factor responsible for thisChromosome Condensation
most characteristic behavior of mitotic chromosomesAlthough condensin is not required for mitotic chromo-
therefore remains an important unanswered question.somes to condense to near-normal levels, it clearly has
a profound influence on the timing of chromosome con-
Experimental Proceduresdensation. As in C. elegans (Hagstrom et al., 2002; Kaitna
et al., 2002), chicken ScII/SMC2 is required for chromo-
Cell Culture
some condensation during prophase; condensation was The chicken lymphoma B cell line DT40 was cultured as previously
only seen consistently in nuclei in which nuclear lamina described (Buerstedde and Takeda, 1991).
disassembly had begun. This suggests that ScII/SMC2
Generation of DT40 Cells Expressing Tetracycline-might participate in a specialized pathway of chromo-
Repressible ScIIsome condensation that functions only in prophase. This
For rescue, chicken ScII cDNA up to the stop codon (Saitoh et al.,is apparently inconsistent with a recent report that con-
1994) was cloned into the tet/doxycycline-repressible vector pUHDdensin binding occurs only in prometaphase in human
10.3 (a gift from Prof. H. Bujard, Heidelberg, Germany). An oligo
cells but could be explained if low levels of condensin linker (5-AATTCAGATCTCCCGTGCCACTGAGTGAAGCCAGCAAC
binding were functionally important (Maeshima and AACAAGGATGAGTAAT-3) containing BglII and DraIII sites was in-
serted into the EcoRI and XbaI sites of pUHD 10.3, linearized withLaemmli, 2003). Alternatively, ScII/SMC2 or another
PvuI, and cotransfected into DT40 cells with the modified transacti-condensin component might promote entry of an essen-
vator tTA 3 (Baron et al., 1997) (Clonetech) at a ratio of 10:1 (20 g:2tial condensation factor into the nucleus during late G2/
g) by electroporation (Ruchaud et al., 2002). Cells expressing (2-prophase. Lastly, the function of condensin could be to
to 3-fold above wild-type levels) and repressing ScII were detected
increase the rate of condensation driven by some other by immunoblotting (Saitoh et al., 1994). Two independent clones
mechanism early in mitosis. were used for subsequent targeting experiments.
Targeted Disruption of the DT40 ScII GeneScII/SMC2 Is Essential for Anaphase Disjunction,
Overlapping phage clones containing the 5 portion of the ScII genebut Not Kinetochore Assembly and Function
locus were isolated from a lambda FIX II DT40 genomic libraryor Spindle Assembly
(Stratagene) with the ScII 5 race product (Saitoh et al., 1994) as a
Mutations of the budding yeast condensin subunit BRN1 probe. The ScII targeting vector was constructed with a 3 kb SacI
had phenotypes suggestive of defects in kinetochore 5 arm and a 4.1 kb XbaI 3 arm flanking a histidinol resistance
attachment to microtubules or spindle assembly (Lavoie cassette. The targeting construct was designed to disrupt the first
six exons (207 amino acids) of the open reading frame, includinget al., 2000; Ouspenski et al., 2000). In addition, immuno-
the start codon. The knockout construct (25 g) was linearized withdepletion of condensin from Xenopus extracts severely
SalI and electroporated into two independent lines of DT40 cellsimpairs spindle assembly in vitro (Wignall et al., 2003).
expressing the tetracycline-regulated ScII transgene. Stable transfec-
However, the results presented here show clearly that, tants were selected in 0.5 mg/ml histidinol for 10 days. DNA from
in vivo, ScII/SMC2 is required neither for spindle assem- resistant clones was extracted and analyzed by Southern blotting
bly nor for reestablishment of a bipolar spindle following after digestion with Asp718 and probed with a 3 external probe.
release from a nocodazole block.
Immunoblotting AnalysisAlthough centromeres function normally in ScIIOFF
Ten micrograms of cytosolic extract was separated by SDS-PAGEcells, huge masses of lagging chromatin are observed
and blotted onto nitrocellulose membranes (Amersham). For theat anaphase. Similar phenotypes have been observed experiments in Figure 5F, chromosomes and scaffolds were centri-
in all organisms where loss of condensin function has fuged at 10,000  g and prepared for SDS-PAGE as described
been studied (Saka et al., 1994; Steffensen et al., 2001; (Gasser et al., 1986). After blotting, proteins were stained with Pon-
ceau S (Sigma) to confirm equal loading. Membranes were blockedHagstrom et al., 2002; Kaitna et al., 2002). This pheno-
with 5% skimmed milk in PBS and processed for ECL as describedtype of the condensin mutants might be due to loss of
(Ruchaud et al., 2002). The antibodies used were rabbit anti-ScII Mtopoisomerase II function downstream of the condensin
(Saitoh et al., 1994) at 1:1000, rabbit anti-topo II (Hoffmann et al.,defect (Bhalla et al., 2002), and our data show that the 1989) at 1:1000, mouse 3D3 anti-INCENP monoclonal (Cooke et al.,
localization and solubility properties of topo II are abnor- 1987) at 1:2000, and Rabbit O, a polyclonal antibody made against
mal in chromosomes lacking ScII/SMC2. However, an- the bulk chicken scaffold (W.C.E., unpublished data), at 1:500.
other possibility is that the lagging chromatin at ana-
Indirect Immunofluorescence Microscopyphase reflects structural instability of the chromosomes
Cells were fixed with 4% paraformaldehyde for 5 min, washed withand that the chromosome arms “unravel” during ana-
cytoskeleton buffer (137 mM NaCl, 5 mM KCl, 1.1 mM Na2PO4, 0.4phase.
mM KH2PO4, 2 mM MgCl2, 2 mM EGTA, 5 mM PIPES, and 5.5 mM
glucose) and incubated for 30 min with specific antibodies: mouse
Conclusions and Prospects anti-	-tubulin monoclonal (Sigma) at 1:2500, anti-INCENP 3D3
(Cooke et al., 1987) at 1:500, anti-Lamin B1 (Zymed lab) at 1:100;The results reported here indicate that, in addition to its
rabbit anti-BubRI polyclonal (Nishihashi et al., 2002) at 1:500, anti-undoubted ability to induce conformational changes in
INCENP 1186 (Eckley et al., 1997) at 1:750, anti-CENP-C (FukagawaDNA, condensin also functions in mitosis to promote
and Brown, 1997) at 1:1000, and anti-histone H3 (Upstate Biotech-the proper binding of a number of essential nonhistone
nology) at 1:200. Cells were washed three times with cytoskeleton
proteins to mitotic chromosomes. Condensin is essen- buffer for 5 min, fluorescence-labeled secondary antibodies were
tial for the structural integrity of mitotic chromosomes applied at 1:200, and the DNA was counterstained with DAPI at 0.1
g/ml.and may thus be thought of as an architectural factor,
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For Figures 1 and 6, chromosome spreads were processed as Christensen, M.O., Larsen, M.K., Barthelmes, H.U., Hock, R., Ander-
sen, C.L., Kjeldsen, E., Knudsen, B.R., Westergaard, O., Boege, F.,described (Earnshaw et al., 1989) and stained with antibodies to
CENP-C (Fukagawa and Brown, 1997), ScII (Saitoh et al., 1994), topo and Mielke, C. (2002). Dynamics of human DNA topoisomerases
IIalpha and IIbeta in living cells. J. Cell Biol. 157, 31–44.II (Hoffmann et al., 1989), and INCENP (Cooke et al., 1987) at 1:1000,
1:200, 1:300, and 1:500, respectively. Alternatively, cells were Chuang, P.-T., Albertson, D.G., and Meyer, B.J. (1994). DPY-27: a
washed in PBS, cytospun onto coverslips at 2000 rpm for 2 min, chromosome condensation protein homolog that regulates C. ele-
and immediately fixed with 4% PFA in PBS. For the experiment in gans dosage compensation through association with the X chromo-
Figure 7, cells growing on coverslips were blocked with colcemid some. Cell 79, 459–474.
overnight and then treated in TEEN buffer 5 min and RSB (10 mM
Cobbe, N., and Heck, M.M. (2000). Review: SMCs in the world ofTris-HCl [pH 7.4], 210 mM NaCl, and 5 mM MgCl2) for 15 min. The
chromosome biology—from prokaryotes to higher eukaryotes. J.TEEN-RSB cycle was then repeated. At the end of each step, one
Struct. Biol. 129, 123–143.coverslip was fixed in 4% PFA in the corresponding buffer for 5 min.
Three-dimensional data sets were collected with a DeltaVision Cole, A. (1967). Chromosome structure. Theor. Biophys. 1, 305–375.
system (Applied Precision). Cooke, C.A., Heck, M.M.S., and Earnshaw, W.C. (1987). The INCENP
antigens: movement from the inner centromere to the midbody dur-
Mitotic Chromosome and Scaffold Isolation from ScIION ing mitosis. J. Cell Biol. 105, 2053–2067.
and ScIIOFF Cells
Cook, P.R., Brazell, I.A., and Jost, E. (1976). Characterization ofTwo identical 500 ml cultures of exponentially growing ScIION cells
nuclear structures containing superhelical DNA. J. Cell Sci. 22,were processed in parallel. Doxycycline was added to one culture
303–324.for 23 hr, and then colcemid (0.1 g/ml) was added to both cultures
for 14 hr. Chromosomes and scaffolds were prepared as described DuPraw, E.J. (1966). Evidence for a “folded-fibre” organization in
(Lewis and Laemmli, 1982). The chromosomal yield from ScIIOFF cells human chromosomes. Nature 209, 577–581.
was consistently two to four times lower than that from ScIION cells, Earnshaw, W.C. (1991). Large scale chromosome structure and or-
but sufficient to run two lanes per sample by SDS-PAGE for simulta- ganization. Curr. Opin. Struct. Biol. 1, 237–244.
neous Western blot analysis and Coomassie blue staining (Figure
Earnshaw, W.C., and Laemmli, U.K. (1983). Architecture of meta-5; 0.4 OD260 units per lane).
phase chromosomes and chromosome scaffolds. J. Cell Biol. 96,
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